Potentiometric ion sensors, such as neutral-carrier-type ionselective electrodes (ISEs), are very useful. 1 The ion selectivities are generally determined by the ion-exchange equilibrium at the interface between the membrane and the aqueous sample phases, which is in turn the metal-ion extraction equilibrium between the two immiscible phases.
Introduction
Potentiometric ion sensors, such as neutral-carrier-type ionselective electrodes (ISEs), are very useful. 1 The ion selectivities are generally determined by the ion-exchange equilibrium at the interface between the membrane and the aqueous sample phases, which is in turn the metal-ion extraction equilibrium between the two immiscible phases. 2 The ion selectivity for liquid-membrane ion sensors based on neutral carriers is often governed by the ion selectivity of the neutral carriers in the membrane. However, the ion selectivity for the neutral-carrier-type ion sensors is also considerably affected by other membrane conditions, such as the property of the membrane solvent. For instance, the polarity of membrane solvents may modify the selectivity in ion sensors based on neutral carriers. We have previously reported that thermotropic liquid-crystalline compounds are very promising as functional membrane solvents for ISEs. 3, 4 The ion-sensor property could be controlled by the orientation of the membrane components. In other words, liquid-crystalline compounds can induce an ordered molecular orientation of other organic components in the liquid-crystal phase. However, since we used pure liquid membranes consisting of a liquid-crystalline membrane solvent and a neutral carrier without any polymer support, the ionsensing membrane system may not be very practical. Polymersupported membranes are useful for conventional neutralcarrier-based ISEs to raise their handling performance, and also to prevent effusion of the membrane solvents. We, therefore, attempted to apply polymeric membrane supports for the liquidcrystalline ISEs to improve their practicability. In this study, we report in detail on the ion sensor properties for liquidcrystalline membrane ISEs based on microporous polymer membranes impregnated by liquid-crystalline compounds (polymer-impregnated liquid-crystal membrane) or polymer membranes dispersed by liquid-crystalline compounds [polymer-dispersed liquid-crystal (PDLC) [5] [6] [7] membrane] as the ion-sensing membranes.
Experimental

Reagents
The liquid-crystalline compounds shown in Fig. 1 were employed here. The liquid-crystalline solvents [4-cyano-4′-hexylbiphenyl (1) (K-18, Merck) and 4-cyano-4′-octylbiphenyl (2) (K-24, Merck)] were purchased and used as received. The conventional PVC plasticizer [o-nitrophenyl octyl ether (NPOE)], and potassium tetrakis(p-chlorophenyl)borate (KTpClPB) were obtained from Dojindo Lab., Japan. The neutral carrier, 4′-[(4″-octyloxy)biphenyloxycarbonyl]-benzo-15-crown-5 (3), was prepared according to a procedure in the literature. 8 Poly(tetrafluoroethylene) (PTFE) porous membrane (pore size = 0.8 µm) (FP-80, Sumitomo Electric Industries, Japan) was used for membrane impregnation. Poly(methyl methacrylate) (PMMA) (Katayama Chemical Lab., Japan) was purified by reprecipitation from chloroform in methanol three times. Tetrahydrofuran (THF) was of spectroscopic grade from Dojindo Lab., Japan. Chloroform was distilled and water was deionized. Alkali metal chlorides were of analytical reagent grade. Control sera for K + assay were purchased from Wako Pure Chemical Co., Japan.
Preparation of polymer-supported liquid-crystal membrane PTFE-impregnated membrane.
A small disk of about 5 mm in diameter was cut out from a PTFE microporous membrane, and was then soaked into a membrane mixture containing 94 wt% of a liquid-crystalline compound (1 or 2) or NPOE as the membrane solvent, 5 wt% of 3 as the neutral carrier, and 1 wt% of KTpClPB as the anion excluder for its impregnation into the membrane pores. The membrane mixture was, in turn, prepared by dissolving in THF, followed by evaporating off the solvent, for uniform mixing. PMMA-dispersed membrane.
PMMA membranes, which consist of 40 wt% of PMMA as the supporting material, 56.4 wt% of liquid-crystalline compound (1 or 2) or NPOE as the membrane solvent, 3.0 wt% of neutral carrier (3), and 0.6 wt% of KTpClPB as the anion excluder, were cast from chloroform. The casting was made on a PTFE porous membrane in a Petri dish to reinforce the PMMA membrane, which was too soft by itself. A small disk of about 5 mm in diameter was cut out from the reinforced PMMA membrane for electrode fabrication.
EMF measurements
A sensing membrane of about 5 mm in diameter was mounted onto a commercially available electrode body (7904L, DKK Corporation, Tokyo, Japan) with some modification to its membrane mounting part. Conditioning of the electrodes was made by soaking in a 0.1 M analyte ion solution overnight. Potential measurements were made at an appropriate temperature using a pH/mV meter (TP-1000, Toko Chemical Inc., Japan). The measurement temperature was controlled using a circulating thermostated bath. The external reference electrode was a double-junction type Ag-AgCl electrode (REF4083-0.65C, DKK Corporation, Tokyo, Japan). The electrochemical cell for EMF measurements was an Ag | AgCl | 3 M KCl || 1 M CH3COOLi || sample solution | membrane | 1 × 10 -3 M KCl | AgCl | Ag. The measuring metal ion activities were changed by injection of high-concentration solutions to the sample solutions, while stirring with a magnetic stir bar. The activity coefficients (γ ) were calculated according to the Davies equation, 9 log γ = -0.511z 2 (I) 1/2 /[1 + 0.33α(I) 1/2 ] + 0.10z 2 I, using the values of the ionic strength (I), the charge (z) and the ion size parameter (α).
The selectivity coefficients were determined by a fixed interference method (FIM). , H + . The determination of K + in control sera was carried out by Gran's plot method. [11] [12] [13] The response times (t90) were determined upon changing the ion activity of the sample solution from 1 × 10 -3 M to 3 × 10 -3 M.
DSC measurements
Differential scanning calorimetry (DSC) was performed using a calorimeter (DSC6200, Seiko Instruments Inc., Japan) and an aluminum pan (SSC00E030, Seiko Instruments Inc.) with a temperature-increasing rate of 5˚C min -1 . The phase-transition temperatures were determined at the peak top of the endothermic peaks.
Results and Discussion
Liquid-crystalline property of ion-sensing membrane DSC measurements were carried out to elucidate the thermoinduced phase-transition behavior of the liquidcrystalline polymeric membranes for the present ion-sensing membranes. The DSC data for 1-and 2-based membranes are summarized in Tables 1 and 2 . It was found that the liquidcrystalline compounds in ion-sensing membranes are in a nematic or smectic liquid-crystal state, at room temperature or a slightly higher temperature. However, their phase-transition temperatures are different from those of the corresponding pure liquid-crystalline membranes (without any polymer support). The difference might be caused by some miscibility of the pure liquid-crystalline phase in the polymer support. Thus, EMF measurements by the liquid-crystalline polymeric membrane electrodes were carried out at the temperature where the nematic, smectic, and isotropic liquid states appear in the ionsensing membranes.
EMF responses to K + activity changes for ISEs based on PTFE membrane
The EMF responses of ion-sensing membranes based on liquid crystals, in which PTFE was used as a supporting material, were investigated using compound 3 as a neutral carrier. The sensor properties, such as the slopes and linear ranges in the calibration graph, and response times (t90), are summarized in Table 3 . Figure 2 shows the typical calibration graphs at 25˚C. All of the electrodes based on liquid-crystalline compounds 1 and 2 showed Nernstian or near-Nernstian responses to the K + activity changes over wide activity ranges. The response times (t90) were short in any case. In the membrane systems using NPOE, which is a conventional solvent for ion-sensing PVC membranes, the electrode also showed good sensor properties. Although the linear ranges for the PTFE-impregnated membranes are slightly narrow compared with those of the ISEs based on their corresponding pure liquid-crystalline membranes, 3, 4 there seems to be no problem in the analysis of K + for real samples, such as biomedical samples or environmental samples. These results indicate that liquid-crystalline membrane ISEs, in which a PTFE porous membrane was used as the supporting material, respond to K + activity changes with a Nernstian response in any of the nematic, smectic, and isotropic liquid states. Figure 3 shows the temperature dependence of the selectivity coefficients for K + with respect to Na + (log k pot K,Na ) in the ISEs based on PTFE-impregnated membranes. The selectivity coefficient (log k pot K,Na ) is -3.08 for the PTFE-1 membrane system at 25˚C, where the membrane is in a nematic liquid-crystal state, while the value is -2.83 at 35˚C in an isotropic liquid state (Fig.  3(A) ). This temperature dependence of the selectivity suggests that molecules of neutral carrier 3 were aggregated and oriented in the liquid-crystal state. We have already reported that the two neighboring neutral carriers might behave like a bis(15-crown-5) molecule, which undergoes efficient formation of sandwich-type K + complexes by the cooperative action of two adjacent 15-crown-5 rings [bis(crown ether) effect].
Ion selectivity of K + -ISEs based on PTFE-impregnated membrane
14,15 When NPOE was employed instead of the liquid-crystalline solvents for a comparison, the temperature dependence of the log k pot K,Na values were definitely smaller than that in the case of liquidcrystalline solvent 1.
The temperature dependence of the selectivity coefficients (log k pot K,Na ) was also followed in the PTFE-impregnated membrane system of 2, which exhibited a smectic liquid-crystal state. The selectivity coefficients for the PTFE-2 membrane system are -3.27, -3.11 and -2.85 at 25, 40 and 50˚C, respectively ( Fig. 3(B) ). The K + selectivity at 25˚C, where the membrane is in smectic liquid-crystal state, is slightly higher than that at 40˚C, where the membrane is in a nematic liquidcrystal state. The smectic state, which allows the neutral carrier to aggregate and orient more orderly than the corresponding nematic one, may enhance the above-mentioned bis(crown ether) effect. These results clearly show that the PTFEimpregnated membrane can modify and control the properties of the neutral-carrier-type ion sensor by changing its measurement temperatures. However, the temperature dependence on the ion selectivity for the polymer-impregnated membrane system is slightly smaller than that of the ISEs based on the corresponding pure liquid-crystalline membrane without any polymer support. 3, 4 The reason for this is considered to be as follows. Since, in the PTFE-impregnated membrane, the liquidcrystalline compounds exist in micropores of PTFE, there may be some interactions between the liquid-crystalline compounds and PTFE. Therefore, the phase transition of the liquidcrystalline compounds in the polymer-impregnated liquidcrystalline membrane is not as sharp as the pure liquidcrystalline membrane without any polymer support. As a result, the degree in the orientation and aggregation of neutral carriers for the PTFE membrane may be somewhat lower than that for the pure liquid-crystalline membrane.
EMF responses to K + activity changes for ISEs based on PMMAdispersed membrane
Polymer-dispersed liquid-crystal membranes were also tested for their usefulness as ion-sensing membranes for K + -selective electrodes based on neutral carrier 3. PMMA was selected as the polymer for dispersing the liquid crystal. The electrode properties are summarized in Table 4 , and typical calibration graphs at 25˚C are shown in Fig. 4 . All of the electrodes based on the polymer-dispersed liquid-crystal membranes showed Nernstian or near-Nernstian responses to the K + activity changes over wide activity ranges, as is the case with the ISEs based on 1167 ANALYTICAL SCIENCES AUGUST 2004, VOL. 20 PTFE-impregnated ones. Even if NPOE was used instead of liquid-crystalline compounds, good sensor properties were also attained. The response times (t90) of the PMMA-dispersed liquid-crystal membranes were slightly longer than those of the PTFE-impregnated ones. This may be partly because the electric impedance of the PMMA membranes is greater than that of the PTFE ones. The liquid-crystalline membrane ISEs, in which PMMA was used as a supporting material, also respond to K + activity changes with high sensitivities in any of the nematic, smectic, and isotropic liquid states. Figure 5 shows the temperature dependence of the selectivity coefficients for K + with respect to Na + (log k pot K,Na ) in the ISEs based on PMMA-dispersed liquid-crystal membranes. The selectivity coefficient for K + with respect to Na + (log k pot K,Na ) is -3.16 for the PMMA-1 membrane at 25˚C, where the membrane is in a nematic liquid-crystal state. The value was changed to -2.74 at 45˚C, where the membrane is in an isotropic liquid state (Fig. 5(A) ). Similarly, the temperature dependence of the selectivity coefficients (log k pot K,Na ) was also found in the case of 2, which exhibits a smectic liquid-crystal state (Fig. 5(B) ). The values of log k pot K,Na in the ISEs based on liquid-crystalline compounds 1 and 2 are different from those of NPOE. The liquid-crystalline compounds 1 and 2 in the PMMA membranes are in two different dispersed states; they may plasticize PMMA or form liquid-crystalline domains independently in the polymer matrix. Metal ion complexation by neutral carriers on the membrane interface would be different under these two conditions. On the other hand, NPOE can be dispersed almost molecularly in the membranes only to work as a plasticizer of the polymer support. Therefore, the ion selectivity of the ISEs based on the liquid-crystalline compounds differs from those of NPOE.
Ion selectivity for K + -ISEs based on PMMA-dispersed membrane
The selectivity coefficients depend on the measurement temperature, even in the case of the ISEs based on NPOE. The results for the PMMA-dispersed liquid-crystal membranes are different from those of the PTFE-impregnated ones, or pure liquid-crystal membranes without any polymer support. This may be due to the difference in the supporting conditions of the liquid crystal. Two reasons can be considered for these results. One is that the metal ion complexation with neutral carriers on the interface between the aqueous and membrane phases is influenced by some interactions between neutral carrier 3 and PMMA. The other is that the change in the microstructure on the membrane surface by the temperature affects the metal ion complexation at the interface. However, we presently have no clear evidence concerning the above speculations.
Applicability of K + -ISEs based on PTFE impregnated liquidcrystal membrane
Of all the polymer-supported liquid-crystal membranes designed here, the PTFE membranes impregnated with liquidcrystalline compound 2 containing neutral carrier 3 afforded the best results with respect to the sensitivity and selectivity in the K + -ISEs. The K + selectivities against the other cation, such as alkali and alkaline-earth metal ions, NH4 + and H + , were also determined for the liquid-crystalline membrane K + -ISEs (Fig.  6 ). Although Cs + and NH4 + may interfere with the K + assay to some extent, the interference by Mg 2+ and Ca 2+ , which exist together with K + in biological and environmental circumstances, is almost negligible. Time-course changes in the slope for the K + calibration plots were also followed to check the durability for the ISEs based on PTFE membranes containing liquidcrystalline compound 2 as well as neutral carrier 3. The high sensitivity of the K + -ISEs has lasted for two months at the time of writing this paper. Attempts were made to assay K + in control sera by using the present K + -selective electrodes (Table   1168 ANALYTICAL SCIENCES AUGUST 2004, VOL. 20 
Conclusions
In order to improve the practicability of the liquid-crystalline membrane ISEs, we attempted to apply two kinds of polymeric membrane supports, which are the PTFE microporous membrane for liquid-crystal impregnation and PMMA for liquid-crystal dispersion. The PTFE membranes impregnated by liquid-crystalline compound 2 together with neutral carrier 3 afforded the best results with respect to the sensitivity and selectivity for the K + -ISEs. The ISEs showed high selectivities for K + with respect to various metal ions, and enabled us to assay K + in the control serum. Thus, ISEs based on the polymer-supported liquid-crystal membranes are promising neutral-carrier-type ion sensors for practical use, and may be extended to other neutral-carrier-type ISEs.
